We have developed an experimental method based on the visibility factor of the light-scattering minima to obtain size-polydispersity information from contaminants on a flat substrate. We verify the method using doubleinteraction-model calculations and use this technique to experimentally examine the radial variation of a micrometer-sized fiber and the size polydispersity of spherical particles on a substrate.
Introduction
The detection and characterization of particles on flat surfaces has been a topic of increasing interest over the last several years because of its wide applicability in many fields of science and technology [1, 2] . In general, particulate samples may contain contaminants of different size and shape. Here, we use the far-field light scattered from contaminated substrates to characterize the size polydispersity of the contaminants. From visibility measurements of the minima of the 5-polarized scattered light, we can obtain an estimate of the upper limit of the size polydispersity. To our knowledge this is the first time that polydispersity has been measured by this means. We verify the method experimentally using two fundamentally different samples: a substrate contaminated by a polydispersion of spheres and a cylinder lying on a substrate.
Solution and Results
We consider spherical or cylindrical contaminants having small size polydispersity in radius R. This kind of sample can be characterized by a probability density function (PDF) p(R) with mean value R 0 and degree of size polydispersity r defined as the ratio between the square root of the variance a and R 0 . We assume a low density of contaminants and little or no aggregation, such that the interaction between individual contaminants is negligible. The total scattered intensity received at scattering angle 6 S is obtained by
JO
where I(R,8 S ) is the scattered intensity at angle 6 S by a contaminant of radius R illuminated at normal incidence. The scattering angle 6 S is measured from the normal to the substrate.
Analysis of equation (1) requires information about the scattering intensities I(R. 6 S ). For normal-incidence illumination, we empirically find that the scattered intensities can be approximated by
I(R,0 s ) = A (l-cos k~fR(e s -^) | (2)
where A is a normalization factor, k = 2n/X, and 7 is a fitting parameter. For the samples we analyzed (gold-coated spheres and cylinders on gold substrates), 7 = 3.3 produces adequate results. Figure 1 shows how this expression reproduces the main characteristics (lobed structure and angular positions of minima) of the ^-polarized far-field scattering pattern from a cylinder on a plane substrate. We obtain experimental results using the technique described by Gonzalez et al [3] . Theoretical results are calculated with a modified version [4] [5] [6] of the Nahm-Wolfe double interaction model [7] , which displays the same general features obtained by other more accurate techniques [8] [9] [10] .
It is highly desirable to choose a PDF that is both analytical and realistic. The gamma function is considered valid for both high-and lowpolydispersity regimes [11] : where the parameters a and m are defined as a = R 0 a~2 and m = r" 2 . Substituting the expressions of equations (2) and (3) allows equation (1) to be integrated, providing an analytical approximation for {I (R, 6 S )):
The above expression approximates the scattered intensities from substrates contaminated by polydispersities of spheres or cylinders. This study focuses on samples having small size polydispersities, i.e., r is smaller than approximately 0.1 (10 percent). For contaminant sizes on the order of the wavelength, the cosine argument may be approximated by k^R o (0 s - §), and the angular frequency of the scattered intensity is now approximately proportional to the mean value R 0 :
The denominator in equation (5) is slowly varying, so the angular positions of the minima and maxima are nearly independent of the degree of polydispersity r. Samples with different degrees of polydispersity have been analyzed theoretically and similar behavior has been found in all cases. As the sample becomes more polydisperse, a smoothing of the lobed structure occurs ( fig.  2 ), i.e., the minima become more shallow. The difference between the maximum and minimum intensities is very sensitive to changes in the degree of polydispersity r. The amount of smoothing also depends on the angular positions of the minima. Those minima of highest order, closest to specular, disappear most rapidly We can quantify this connection between a feature in the light-scattering pattern and a characteristic parameter of the polydispersity using the visibility factor V(m), defined for each lobe of order m as
{I(6f^,R 0 .,r))-(I(e? h \R 0 ,r)) V(m)
where 9f ax and 8f m are the angular positions corresponding to the maximum and the minimum intensities of the lobe of order m. If a parameter ß s is defined as !% = <! + then from equation (6) where the superscripts refer to a minimum or maximum. Note that for particles with relative size well above the wavelength, the angular positions of a minimum approach that of their corresponding maximum (/?" iax ~ ßf m )> resulting in the simple expression V(m) « ß™ m -This equation also holds quite well for smaller size particles, i.e., particles whose sizes are on the order of the wavelength. In a previous work [4] [5] [6] , an expression was developed relating the particle size to the angular positions of the m th minima:
We can now approximate the visibility factor by
For each r, the visibility decreases as the order increases, independent of R 0 . This means that, although different samples with the same polydispersity r produce quite different light-scattering patterns, minima of the same order m have the same visibility.
We now compare the predictions of V{m) and experimental data obtained from two fundamentally different samples. The first sample consists of a dilute set of spherical latex particles seeded on a flat substrate and metalized by means of a gold-sputtering process [3] . The nominal radius of the spheres before coating is R = 1.594 ± 0.027 ^m (r = 1.7 percent). The second sample consists of a single fiber of nominal radius R ss 0.55 (im, placed on a substrate and metalized in the same way. The fiber is not uniform, but has a secondary ripple that is approximately sinusoidal and causes the radius to vary by a few percent over millimeter-size length scales. We measured the .S-polarized scattering intensities using the apparatus and technique described by Gonzalez et al [3] . From these intensities, we can determine the visibility of the minima. The illumination area on the sample containing the cylinder is larger than the length scale of the ripple structure on the sample. Figure 3 shows the evolution of the visibility factor V{m) predicted by equation (10) . Superimposed on this plot are measured visibilities for the sample of spheres on a substrate and for the fiber on a substrate. Depending on the mean size of the contaminants, the number of minima change and only that number of points are available for comparison with theory. We expect the experimentally measured visibilities to follow one of the trajectories, and this occurs for the substrate containing the cylinder. The trajectory, followed by the points for the cylinder, corresponds to a size polydispersity of approximately r = 4 percent, which is in agreement with estimates made by the manufacturers.
For the polydispersion of spheres on the substrate, the experimentally measured visibilities do not follow any of the trajectories. The reason for this is that size polydispersity is not the only cause for the loss of visibility. Shape polydispersity, microirregularities on the substrate, high surface densities, and the presence of particle clusters all contribute to a loss of visibility. The existence of some of these effects in the sample can significantly alter the visibility of some minima, even the angular minima positions themselves [13] [14] [15] . Photomicrographs of similar samples [3, 12] show such clustering and other microcontaminants that can cause a loss of visibility. Because the sample containing the fiber consists of only one primary scattering particle, some of the effects we mentioned above are not present, and the experimental evolution of V(m) displays better agreement with the analytical predictions for the existing orders (m = 0,1). 
Conclusion
More analysis is necessary for the sample of spheres on a substrate. It is known that high-visibility minima are more sensitive than low-visibility minima. The experimental points on the V(r) curves corresponding to the lowest values of r (those farthest to the right on the graph) are the minima whose visibility is least affected by these other factors. Therefore, the polydispersity corresponding to these minima more closely agrees with the actual polydispersity. The polydispersity constitutes an upper-limit estimate of the maximum size polydispersity of the sample. For the spheres, the lobe of order m = 5 has a visibility of V(r) = 0.50, corresponding to a size polydispersity of about 7=3 percent. This estimate agrees, as an upper limit, with the initial value of the nominal radius of the sample (r w 1.7 percent). Four different spots in the sample have been measured, yielding similar results.
